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Optimization of lag time underlies antibiotic
tolerance in evolved bacterial populations

Ofer Fridman', Amir Goldberg', Irine Ronin', Noam Shoresh? & Nathalie Q. Balaban'

The great therapeutic achievements of antibiotics have been dramat-
ically undercut by the evolution of bacterial strategies that overcome
antibiotic stress'”. These strategies fall into two classes. ‘Resistance’
makes it possible for a microorganism to grow in the constant pres-
ence of the antibiotic, provided that the concentration of the anti-
biotic is not too high. ‘Tolerance’ allows a microorganism to survive
antibiotic treatment, even at high antibiotic concentrations, as long
as the duration of the treatment is limited. Although both resistance
and tolerance are important reasons for the failure of antibiotic
treatments®®, the evolution of resistance’? is much better understood
than that of tolerance. Here we followed the evolution of bacterial
populations under intermittent exposure to the high concentrations
of antibiotics used in the clinic and characterized the evolved strains
in terms of both resistance and tolerance. We found that all strains
adapted by specific genetic mutations, which became fixed in the
evolved populations. By monitoring the phenotypic changes at the
population and single-cell levels, we found that the first adaptive
change to antibiotic stress was the development of tolerance through
amajor adjustment in the single-cell lag-time distribution, without
a change in resistance. Strikingly, we found that the lag time of bac-
teria before regrowth was optimized to match the duration of the
antibiotic-exposure interval. Whole genome sequencing of the evolved
strains and restoration of the wild-type alleles allowed us to identify
target genes involved in this antibiotic-driven phenotype: ‘tolerance
bylag’ (tbl). Better understanding of lag-time evolution as a key deter-
minant of the survival of bacterial populations under high antibiotic
concentrations could lead to new approaches to impeding the evolu-
tion of antibiotic resistance.

We exposed batch cultures of the bacterium Escherichia coli to a high
concentration of ampicillin (100 ugml~ "), which is 15 times greater
than the minimum inhibitory concentration (MIC), in a cyclic manner.
The frequency of mutants that were resistant to this concentration'
was less than 10™'". In each cycle (Fig. 1a), parallel overnight cultures
in small volumes were resuspended in fresh medium containing ampi-
cillin. After a fixed duration, T}, of daily exposure to the antibiotic, the
cultures were washed to remove the drug, resuspended in fresh med-
ium and grown overnight. We evolved six populations, two for each of
the three exposure durations: T, = 3, 5 and 8 h. In all cases, the bacteria
soon adapted to the stressful regimen, and follow-up experiments estab-
lished the genetic basis of this adaptation.

In the first cycle, the proportion of surviving bacteria at each T, was
less than 0.1%. After eight to ten cycles, ampicillin became at least an
order of magnitude less effective at killing the bacteria (Fig. 1b and Ex-
tended Data Fig. 1). The increased survival rate of the evolved bacteria
could have been achieved by a mutation that conferred resistance. We
found, however, that the MIC of ampicillin for clones isolated from the
evolved lines (tbl3a, tbl5a and tbl8a, evolved at T, = 3,5 and 8 h, respec-
tively) was indistinguishable from that for their ancestors (Fig. 1¢c). Sim-
ilar to the MIC, the measure MDKgy (the minimum duration for killing
99% of cells) may be defined to quantify tolerance (Box 1). A higher tol-
erance translates to alonger MDKq: that is, a treatment of longer duration

is needed to reach the same level of killing. We measured the MDKy,
for the wild-type and evolved strains and found that the MDK, of the
evolved population increased with the duration of the stress period,
reaching values as high as 15 times the MDKy, of the wild-type strain
(Fig. 1d). We conclude that these populations have all adapted to the
antibiotic regimen through tolerance and not resistance.

Different mechanisms can enable bacteria to endure an interval of
exposure to antibiotics. One way to achieve tolerance is by slowed growth'.
However, no reduction in growth that could account for the observed
tolerance was measured (Extended Data Fig. 2a). Another strategy for
tolerance is related to the cells being in stationary phase before expo-
sure to antibiotics, resulting in a delay in regrowth when switched to a
new environment. By extending the time to first division (the single-cell
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Figure 1 | Resistance and tolerance of the evolved strains. a, Experimental
design for cyclic exposure to antibiotics. In each cycle, a small-volume
overnight culture was resuspended in a larger volume of fresh medium
containing 100 pg ml~ ' ampicillin for an exposure time T,. After the antibiotic
was washed out, the culture was resuspended in fresh medium and grown
overnight. b, Survival of the evolved strains and ancestral strain after

100 pg ml ! ampicillin treatment for T, = 3, 5 or 8 h: strains tbl3a, tbl5a and
tbl8a, respectively (see Extended Data Table 1). Data are presented as the
mean * s.d. of two independent experiments. ¢, MIC test carried out using disc
diffusion antibiotic sensitivity testing. d, Increase in tolerance of the evolved
strains. MDKGgy (see Box 1) was determined by measuring the time to kill 99% of
the population. Data are presented as the mean * s.d. from four experiments.
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BOX |
Schematics of resistance and
tolerance to bactericidal antibiotics

An antibiotic treatment is characterized by the concentration at which
itisadministered and its duration. The outcome of a treatment can be
quantified by the fraction of bacteria killed by the drug. The curves
(Box 1 Figure, panel a) indicate lines of equal killing for the wild-type
(WT) strain. The cyan curve represents the combinations of treatment
durations and concentrations that result in 99% killing. The curve
displays two asymptotic behaviours: the vertical asymptote shows the
concentration below which the culture will not be killed, even for a very
long antibiotic treatment, namely the MIC. The horizontal asymptote
shows the characteristic time needed to kill 99% of the culture, in
the limit of high antibiotic concentrations. We term this asymptotic
value the minimum duration for killing, or MDKgg. Schematics of the
99% killing curves for WT (cyan), resistant (R, orange) and tolerant
(T, blue) strains are shown in Box 1 Figure, panel b. An increase in
resistance translates into a shift in the MIC to higher concentrations,
whereas an increase in tolerance manifests as a shift in the MDKgg
to longer treatment durations.
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lag time'?) and remaining longer in a dormant state, a cell may avoid
the harms of antibiotics. A case in point is the tolerance of type I per-
sistent bacteria’, which is based on the existence of a subpopulation of
cells with sufficiently long single-cell lag times". To explore the pos-
sibility of the evolution of a lag-time-related strategy, we directly moni-
tored, under the microscope, the time to first division of single cells taken
from an overnight culture in stationary phase (Fig. 2a). Whereas cells
from the ancestral clone divided within half an hour, the lag times of
the evolved cells were distributed over many hours.

To corroborate that extended lag time is the main factor reducing
the killing rate by ampicillin in our protocol, we measured the survival
of evolved clones under exposure to norfloxacin, a drug that belongs to
a different class of bactericidal antibiotic. The expectation was that the
benefits of the slow exit from the dormant phase are generic and would
carry over to a different drug that targets growing bacteria'*'®. Indeed,
a comparable increase in tolerance to norfloxacin was observed for the
evolved clones, ruling out the possibility that a specific ampicillin-associated
mechanism was responsible for the increase in tolerance (Extended Data
Fig. 2b). Furthermore, the protective effect of the lag time was negated
when the evolved clones were maintained in the exponential growth
phase, a condition under which neither stationary phase nor the sub-
sequent lag phase are reached (Fig. 2b). These results establish that in
our cyclic protocol, the adaptive trait conferring tolerance to antibiotic
treatments is the extended single-cell lag time. We term this adaptation
‘tolerance by lag’(tbl), to distinguish it from tolerance that may be due
to other factors.

To quantify the extension of single-cell lag times at the population
level, we measured the distribution of these times with our recently devel-
oped ScanLag set-up'®. Measuring the lag times of hundreds of cells in
each case, we used this method to obtain single-cell lag-time distributions
for the ancestral population and for clones isolated from the end popu-
lations evolved under the three cyclic regimens (Fig. 2c, Supplementary
Video 1 and Extended Data Fig. 3). For each of the empirical distributions,
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Figure 2 | Changes in the single-cell lag-time distributions underlie
antibiotic tolerance. a, Phase-contrast images of time-lapse microscopy of
single bacteria from a stationary culture plated on fresh medium show the
extended lag of the evolved strain. Times are indicated in hours and minutes.
Scale bar, 5 pum. b, Survival advantage of the evolved strain (tbl5a) over the
ancestral strain (shown as fold change) when exposed to ampicillin, after
stationary phase or after exponential growth. The dashed line indicates
ancestral survival. Data are presented as the mean * s.d. of three independent
experiments. ¢, Measurement of the lag-time distribution with ScanLag. The
appearance time of colonies was continuously monitored by an automated
scanner system'®. The histograms show the proportion of colony-forming units
(CFUs) detected at each time point (mean = 0.78 h (ancestral), 2.1 h (tbl34),
4.9 (tbl5a), 10.3 h (tbl8a); median = 0.7 h (ancestral), 1.7 h (tbl3a), 3.7h
(tbl5a), 9.2 h (tbl8a), with s.e.m. below 8% and sample sizes of n = 514, 747,423
and 168, respectively). Colonies appearing at later times grow at the same rate
(Extended Data Fig. 2a). Stationary cultures were grown from a single colony
isolated from the majority clone of the end populations.

we calculated the mean single-cell lag time, 71, We found that 7,5 increased
from 1.0 = 0.2 h for the ancestral strain to several hours for the evolved
strains. Specifically, Tlag Was found to be 3.4 =1.0h, 5.1 £0.2h and
10 = 1 h for the clones that evolved in response to cyclic 3, 5 and 8 h
exposures to antibiotic, respectively. These data show that the bacterial
cultures under cyclic exposure to antibiotics adapted by extending the
typical timescale of exit from the lag phase to approximately match the
timescale of the antibiotic exposure.

While delaying the exit from lag phase provides protection from the
antibiotic, a delay that is too long comes at the expense of time that
could be spent proliferating once the antibiotics have been washed out.
We explored this trade-off computationally, using a simple population-
dynamics model that describes the growth and death of cells under cyclic
antibiotic exposure (Fig. 3a-c and see Methods). By approximating the
empirical single-cell lag-time distribution as exponential, the fitness of
a population is a function of two parameters: the mean lag time, 71,g,
and the antibiotic-exposure time, T,. We used the model to calculate
the value of 7,4 that maximizes the fitness for a fixed T, and we found
that the optimal lag time increases linearly with T,, which is in good
agreement with the empirical results (Fig. 3d).

We examined the genetic basis of the tbl phenotype by sequencing clones
derived from the evolved populations (see Supplementary Methods)"”.
In each clone, few mutations were found, with a total of eight mutations
across all sequenced clones being confirmed by Sanger sequencing. All
mutations were in coding regions and were non-synonymous, suggest-
ing that the affected proteins have a functional role in the tbl pheno-
type. To explore this possibility, we restored the wild-type alleles in the
evolved strains and identified which genes restored the wild-type lag
time; we defined these genes as tbl genes (Extended Data Fig. 4). Of the
six genes affected by the eight mutations, three were found to be tbl genes
by this definition (Extended Data Tables 1 and 2). Notably, we observed
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Figure 3 | Optimization of lag time. a, Schematic illustration of the processes
in the theoretical model for the optimization of lag time. The fate of bacteria is
determined by their growth state and by the environment. The non-growing
phase (lag) protects the bacteria from the antibiotics. b, ¢, Non-growing
bacteria switch to the growing state with a typical timescale of 7,4. The trade-off
of extending the lag time is illustrated by two strains: one with a short 71,4 (grey),
and the other with a long 7,,, (red). In the presence of antibiotics, the longer 7,

different mutations within the same gene in different clones, indicating
that these genes are under strong selection. All tbl genes were found to
have fixed mutations in the evolved populations (Extended Data Table 3).

The tbl gene candidates are associated with several pathways. Two of
these pathways, toxin-antitoxin modules'** and aminoacyl-transfer
RNA synthetase®** have been implicated in increased persistence. Inter-
estingly, quantitative analysis has shown that toxin-antitoxin modules
are a network motif that is ideally suited to set the timescale of the single-
cell lag-time distribution®. In contrast to these pathways, no relation-
ship between the third emerging pathway, prs, and either lag or tolerance
has been described in the literature. More experiments are needed to
understand the relationship between the essential prs gene and the tbl
phenotype.

The evolution of the lag-time distribution is a remarkable demon-
stration of an adaptation not to the specific nature of an environmental
stress but to its duration. Not only does this finding illustrate that tem-
poral parameters associated with growth can be readily changed during
evolution*, but also the correspondence between stress duration and
the timescale of the evolved phenotypes shows how fine-tuned this adap-
tation can be. It is also notable that the malleable trait here is the lag
time. Lag is commonly viewed as an inevitable delay in adjustment to
new conditions imposed by metabolic constraints. Our study shows
this phenotype in a different light: extended lag time as an advantageous
trait for avoiding growth in adverse conditions and a trait that can evolve
to accommodate selective pressures.

In fact, it is the entire distribution of single-cell lag times that sets the
fitness of the population, and it is the distribution as a whole that is being
shaped during evolution. In a short period, the populations in this study
adapted to antibiotic pressure by extending the single-cell lag-time dis-
tribution (Fig. 2c). While the shift in the mean lag time is beneficial, this
is not the case for the corresponding increase in variance. Indeed, for
our regimen, maximum fitness is reached if all cells exit lag together, at
the end of the antibiotic-exposure period. The observed increase in both
the mean and the variance of the lag-time distribution is interesting and
may indicate that those parameters are constrained at the molecular
level to evolve concomitantly. Such an increase in variance could itself
reflect past selection for a bet-hedging strategy®>**, as variance in the
single-cell lag times does make sense when the duration of the antibiotic-
exposure interval is not completely predictable. More generally, the time-
scales and stochasticity of the environmental sequence of conditions®
may shape the single-cell lag-time distribution beyond changes in the
mean and variance®, as in the case of type I persistence to antibiotic
treatments, in which only a fraction of the population is tolerant through
having a long lag time"’. It should be noted that in our evolved strains,
the whole population becomes tolerant (Extended Data Fig. 1).
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reduces the killing and increases tolerance (b). In the absence of antibiotics,
the longer 71, delays the resumption of growth and bears a fitness cost

(). d, Lag time as a function of duration of antibiotic treatment, T,. The
empirical mean lag-time dependence (circles) of the evolved tbl clones follows
the model predictions for lag-time optimization (solid line). Data are presented
as the mean = s.d. of three independent experiments. The dashed line is the
mean lag time of the ancestral strain.

From a clinical point of view, tolerance by lag presents a major challenge®®:
in contrast to the specificity of resistance, the tbl phenotype confers a
survival advantage against a broad spectrum of drugs and stresses. The
revised understanding of antimicrobial tolerance offered here suggests
new ways to eliminate bacterial populations, such as interfering with
the precursor signal (stationary phase) from which bacteria anticipate
stress. In addition, it is possible that tolerance facilitates the subsequent
evolution of antibiotic resistance and that reducing tolerance might impede
the emergence of antibiotic resistance. Understanding tolerance, resis-
tance and the interplay between them in the adaptation of microorgan-
isms to drugs is a critical goal in addressing the decreased efficacy of
antibiotics®.

METHODS SUMMARY

Evolutionary protocol of cyclic exposure to antibiotics. Evolution under cyc-
lic antibiotic exposure consisted of three steps. First, an overnight culture (0.5 ml;
1 X 10° bacteria) was resuspended in 50 ml LB broth Lennox (LBL) supplemented
with 100 pg ml ™" ampicillin (Sigma) and incubated at 37 °C with shaking at 300 r.p.m.
for T, hours (T, = 3,5 or 8 h). Second, the antibiotic-containing medium was removed
by washing twice in LBL (10 min centrifugation at 1,400g). Last, the culture was
resuspended in 1 ml fresh LBL and grown overnight (for approximately 20, 18 and
15h, for the T, = 3, 5 and 8 h cultures, respectively) at 37 °C with shaking. It should
be noted that nearly all of the surviving cells were kept from cycle to cycle, thus min-
imizing drift; this is in contrast to typical serial dilution evolution experiments, in
which most of the culture is discarded™.

Single-cell lag-time distribution measurement with ScanLag. Overnight cul-
tures grown from a single colony were plated at appropriate dilutions on solid LBL
agar medium supplemented with 12.5 ug ml~" chloramphenicol (Sigma). A custom,
automated scanner array set-up was used to monitor the appearance of thousands
of colonies on plates over several days and to extract lag-time distributions by auto-
mated image analysis'®. Single-cell microscopic observations confirmed that the delay
in colony appearance was due to an extended lag.

Theoretical model. The model describes a bacterial population consisting of two
phenotypes, lagging (L) and growing (G) bacteria, whose dynamics are governed by
first-order, linear differential equations: G = o (Gltgrow) + (L/T1ag) and[ = —(L/t1ag)s
where 1/1),4 is the rate at which lagging bacteria switch to growth and 1/74,, is the
growth rate. The outcome depends on the environment and is captured by the
parameter o: in the absence of antibiotics, division leads to population growth and
o = 1; however, when antibiotics are present, the cells that try to divide die, and
o= —1

Online Content Methods, along with any additional Extended Data display items

and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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Extended Data Figure 1 | Killing curves of the evolved clones indicate
tolerance to ampicillin treatment. a, Cultures were grown overnight from a
single colony for each evolved tbl clone. The survival of the cultures was
determined as previously described’. Data are presented as the mean = s.d. of
two independent experiments. b, Determining whether the evolved strains
show a persistent phenotype: a sub-population of persisters is characterized by
a significant slowing of the killing rate compared with the rate at which the bulk
of the bacterial population (99%) is dying from the treatment, as indicated
by the straight line on each graph. The point (on the y axis) at which an upward

departure from this line occurs indicates the size of that subpopulation. The
hipA7 strain (orange) shows such a slowing corresponding to 10 >~10" " of the
cells being persistent. The wild-type ancestral strain (grey) also exhibits this
behaviour but at a persister population that is at least two orders of magnitude
smaller. None of the evolved strains shows a marked decrease in the killing rate
at frequencies comparable to or larger than the ancestral persistence level.
Therefore, the increased survival of the evolved strains is characterized

as tolerance.
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Extended Data Figure 2 | Extended phenotypic analysis of the ancestral
strain and the clones evolved under cyclic antibiotic exposure. a, The growth
rates of evolved clones show no significant difference from the ancestral strain.
The cultures of each clone were grown in a 24-well plate and the optical
density at 630 nm (ODsgj30) was measured over time. The doubling times were

Relative survival
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extracted from the fit to the exponential growth phase. Data are presented as the
mean = s.d. of four replicates. b, Survival rates after 10 h under 8 ugml ™"
norfloxacin treatment of the ancestral strain and the evolved clones. Data are
presented as the mean = s.d. of two independent experiments.
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Extended Data Figure 3 | Evolution under the same protocol without
antibiotic exposure shows no lag extension. Two parallel bacterial lines
(‘No antibiotic’, orange shades) were subjected to the same protocol as the
cyclic antibiotic exposure but without antibiotics. Instead, the cultures were
diluted 1:100 in fresh medium without ampicillin. The colony appearance time
was continuously monitored by ScanLag, an automated scanner system'.
The histograms show the fraction of CFUs detected at each time point for the
ancestral strain (grey), line one (dark orange) and line two (light orange)

(n = 1,080, 1,320 and 1,833, respectively).
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Extended Data Figure 4 | Restoration of tbl gene wild-type alleles restores
the ancestral single-cell lag-time distribution. Colony appearance time was
continuously monitored by ScanLag, an automated scanner system'’. The
histograms show the fraction of CFUs detected at each time point: ancestral
strain (grey), tbl5a (red), tbl5a with restored metG (orange) (n = 1,409, 1,099
and 1,029, respectively; temperature (T) = 32 °C) (a); ancestral strain (grey),
tbl8a (blue), tbl8a with restored prsA (orange) (n = 2,245, 1,288 and 2,285,
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respectively) (b); ancestral strain (grey), tbI3b (green), tbi3b with restored prsA
(orange) (n = 2,245,441 and 1,936, respectively) (c); and ancestral strain (grey),
tbi3a (green), tbl3a with deletion of toxin-antitoxin vapBC (n = 1,140, 1,571
and 902, respectively; T'= 32 °C) (d). All evolved bacterial clones form colonies
at later times, whereas restoration of the wild-type alleles, or deletion of the
mutated module, abolishes the long lag.
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Extended Data Table 1 | thl genes identified by whole genome sequencing of evolved strains

LETTER

Strain Ta(Hours)  Genomic Mutation Amino Acid Annotation Clone isolated in
position Substitution cycle #
tbl5a 5 2171860 T>A Y620N metG (methionyl-tRNA 10
synthetase)
tbi5b 5 3049094 - inversion vapB antitoxin homolog(*) 10
3049117 24bp inversion, flanked by
8bp IRs
thi3a 3 3049134 A>T V5E vapB antitoxin homolog(*) 8
tbi3b 3 1245467 C>T R79H prs (ribose-phosphate 8
diphosphokinase)
tbi8a 8 1245524 C>T CceoY prs (ribose-phosphate 8
diphosphokinase)

*Note that despite 100% similarity with vapB, in several annotations a different open reading frame (trbH) is identified on the complementary strand.
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Extended Data Table 2 | Additional mutations identified by whole genome sequencing of evolved strains

Strain Ta(Hours)  Genomic Mutation Amino Acid Annotation Clone isolated in
position Substitution cycle #
tbl5a 5 3454381 G D19A SspA (stringent starvation 10
protein A)
tbl5b 5 714095 T>G W503G pgm 10
(phosphoglucomutase)
tbi5b 5 1846085 Insertion yeal (predicted diguanylate

Element insB

cyclase)
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Extended Data Table 3 | Evaluation of fixation frequencies of the tb/
genes

Mutated gene Fixated  Cycle of fixation Frequency *
strain

metG (methionyl- tbiba 10 100%

tRNA synthetase)

vapB antitoxin tbi3a 8 89+5%

homolog

prs (ribose- tbi8a 10 100%

phosphate

diphosphokinase)

Three tbl genes (metG, vapB and prsA) were identified by whole genome sequencing of one clone from
each evolved line. Mutations were identified in each of the sequenced clones. Analysis led to the
identification of the few mutations that led to the tb/ phenotype in those clones (see Supplementary
Methods). To determine whether those mutations had fixed in their respective populations (that is,
represent the majority of the culture’s evolution), we randomly isolated a total of 46 colonies from three
differentlines directly from the frozen batch cultures. We sequenced the tb/ genes of those colonies by
Sanger sequencing and found the tb/ mutations had fixed in all of the lines. In two lines, the fixation
was found in 100% of the clones; in one line, 17 out of 19 colonies had the tb/ mutations, and 2 colonies
had the wild-type allele.

* Calculated from the Sanger sequencing results of N colonies isolated directly from the evolved batch
cultures (n = 11 (tbl5a), 19 (tb/3a) and 16 (tb/8a)).
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